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The effect of nanosecond pulsed laser excitation on the self-assembly of Ge quantum dots grown by
pulsed laser deposition on Si共100兲-共2 ⫻ 1兲 was studied. In situ reflection high-energy electron
diffraction and ex situ atomic force microscopy were used to probe the quantum dot structure and
morphology. At room temperature, applying the excitation laser decreased the surface roughness of
the grown Ge film. With surface electronic excitation, crystalline Ge quantum dots were formed at
250 ° C, a temperature too low for their formation without excitation. At a substrate temperature of
390 ° C, electronic excitation during growth was found to improve the quantum dot crystalline
quality, change their morphology, and decrease their size distribution almost by half. A purely
electronic mechanism of enhanced surface hopping of the Ge adatoms is proposed. © 2010
American Institute of Physics. 关doi:10.1063/1.3462436兴
I. INTRODUCTION

While most semiconductor devices are based on silicon,
its indirect band gap, and the resulting low probability of
radiative transitions, limits its optoelectronics applications.
Devices employing Ge/Si epitaxial layers can overcome this
restriction.1 For example; a dense array of small, narrow size
distribution Ge islands embedded in Si layers can be used for
light emission where electron hole pairs are captured in the
Ge islands. Growth of Ge on Si is a classical model of the
Stranski–Krastanov growth-mode, also known as layer-plusisland growth, where growth starts in a uniform layer-bylayer growth up to ⬃3 monolayer 共ML兲. 关1 ML is equivalent
to 6.78⫻ 1014 atoms/ cm2 on a Si共100兲 surface.兴 The lattice
mismatch 共misfit兲 between Ge and Si 共aGe = 0.566 nm and
aSi = 0.543 nm兲 causes elastic strain which increases as the
Ge film grows on the Si surface. With the increase in strain
energy, the competition between chemical potential of the
deposited film and strain energy eventually causes the film to
continue through three-dimensional 共3D兲 island growth beyond a critical layer thickness around 3 ML. The value of the
misfit is the key factor for the relief mechanism. Three dimensional island formation leads to a partial relaxation of
strain. Those islands could be dislocation free or coherent
and their shapes change during growth.
Pulsed laser-induced electronic processes leading to surface structural modifications have been shown to occur when
the laser intensity is below the melt threshold.2–5 Recent
scanning tunneling microscopy studies have demonstrated
that laser pulses well below the melt and ablation thresholds
induce bond rupture at individual atomic sites on several
semiconductor surfaces via a process that is purely
electronic.6–8 The laser-induced electronic bond rupture
causes structural changes on the surface which depend
strongly on the surface studied.
Low temperature thin film growth is strongly desirable
a兲
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in microelectronic fabrication. In Si/Ge, it has been long recognized that one way to suppress misfit dislocations is by
lowering the growth temperature.9 To lower the epitaxial
growth temperature, extrinsic assistance by energetic particles, such as ions, electrons, and photons have been used to
add energy to promote the migration of adsorbed atoms at
the surface.10–12
Treatment of silicon surfaces by a Nd-doped yttrium aluminum garnet 共Nd:YAG兲 laser was used to improve surface
wettability and adhesion characteristics.13 Also, illumination
of silica substrates with a very low intensity diode laser during deposition was reported to unify the clusters’ shapes and
narrow the size distribution of Ga nanoparticles grown at
⬃100 ° C.14 Moreover, irradiation by a few hundred eV electron beam during deposition of CeO2 on Si was reported to
enhance surface epitaxy by reducing the required temperature for epitaxial growth from 820 to 710 ° C.10 In another
work, a low-energy electron beam was used to modify the
surface and achieve high quality GaAs film grown on an
insulator on silicon.12 Pulsed ion-beam irradiation during
heteroepitaxy of Ge on Si led to modifying the average size
and size distribution of Ge islands grown by molecular beam
epitaxy 共MBE兲.15 Postdeposition nanosecond pulsed laser
treatment of Ge quantum dots 共QDs兲 grown on Si reduced
the QD surface density, modified their composition, and increased their average size, making the QD size more uniform
after the treatment.16 Nonthermal laser-induced desorption
has also been widely studied for different metals and
semiconductors.17–19
We have recently studied the effects of nanosecond
pulsed laser-induced electronic excitations on the selfassembly of Ge QD on Si共100兲-共2 ⫻ 1兲 grown by pulsed laser deposition 共PLD兲.20 Electronic excitations, due to laser
irradiation of the Si substrate and the Ge film during growth,
were shown to decrease the roughness of films grown at a
substrate temperature of ⬃120 ° C. At this temperature, the
grown films showed no long-range order as detected by reflection high-energy electron diffraction 共RHEED兲. Elec-
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tronic excitation resulted in the formation of an epitaxial
wetting layer and crystalline Ge QD at ⬃260 ° C, a temperature at which no crystalline QD formed without excitation
under the same deposition conditions. Here we expand the
scope of this work by studying excitation effect on deposition at various substrate temperatures and excitation with
different laser energy densities. The effect of applying the
excitation laser on the growth morphology is studied. It is
shown that the excitation laser affects the morphology only
when applied during growth with no postdeposition annealing effects observed at the studied laser energy densities. The
results are consistent with an electronically driven mechanism that increases surface diffusion of the incoming Ge
flux.
II. EXPERIMENT

Ge QDs were grown in an ultrahigh vacuum 共UHV兲
chamber 共⬃1 ⫻ 10−9 Torr兲 by PLD. The Ge target was
mounted on a rotation stage with a variable rotation speed.
Target rotation at 5 rpm was used to minimize the particulate
formation during deposition. The laser beam profile on target
and target rotation speed were set such that the spatial separation of the laser pulse spots on target were ⬃0.6 of its full
width at half-maximum 共FWHM兲, resulting in ablation of the
target surface by no more than two laser pulses. The Si共100兲
substrates 共dimensions of 2.0⫻ 10⫻ 0.5 mm3 p-type boron
doped and resistivity 0.060– 0.075 ⍀ cm, miscut angle
0.38°兲 were chemically etched by using a modified Shiraki
method before being loaded into the UHV chamber. The Ge
target was a 2⬙ disk, 0.5 mm thick, undoped n-type, with a
resistivity of 45– 58.7 ⍀ cm. The vacuum system was then
pumped down, baked more than 24 h and, finally, cooled
down to room temperature. The Si共100兲 sample was degassed at ⬃700 ° C for another 24 h and then flashed to
⬃1200 ° C for ⬃60 s to obtain the 共2 ⫻ 1兲 reconstruction.
The substrates were heated by direct current flow. The surface temperature was initially measured using a combination
of a chromel-alumel 共K-type兲 thermocouple that was mechanically attached to the substrate surface and a Mikron
MI-GA15 pyrometer. The thermocouple was used for temperature measurement up to ⬃400 ° C, while the pyrometer
was used for higher temperatures. The thermocouple calibration was checked, before installing it into the UHV chamber,
using the boiling point temperature of water. A temperature
calibration curve relating the surface temperature obtained
by the K-type thermocouple and the pyrometer to the sample
conductivity was obtained and used for subsequent temperature measurements. This approach was used to avoid complications due to changes in thermocouple properties by repeated flashing at high temperatures. We can measure
temperature reproducibly and with an accuracy of ⫾17 ° C,
mainly limited by the accuracy of determining sample conductivity with temperature.
A Q-switched Nd:YAG 共wavelength  = 1064 nm,
FWHM of ⬃40 ns, 10 Hz repetition rate兲 was split into an
ablation beam and an excitation beam of nonequal powers by
means of a half wave-plate and a thin film polarizing beam
splitter. The p-polarized ablation beam was focused on the

rotating Ge target to a spot size ⬃400 m 共measured at 1/e
of the peak value兲, resulting in a laser energy density of
⬃5 J / cm2. The s-polarized excitation beam was left unfocused with a beam diameter of ⬃6.0 mm 共measured at 1/e
peak value兲 and was used to irradiate the sample surface.
Both the ablation and the excitation laser beams were incident on the Ge target and Si substrate at 45°. A 20 keV
well-collimated RHEED electron gun with a spot size less
than 90 m diameter was used to monitor the growth dynamics, while a partially coated phosphor screen displayed
the electron diffraction pattern, which was recorded by
means of charge-coupled device camera. The electron beam
had a grazing angle ⬃3° with the Si共100兲 surface. Sampleto-target distance was ⬃8 cm. The final film thickness measurement was done by a spectroscopic ellipsometer 共Woollam M44兲. Postdeposition tapping-mode atomic force
microscope 共AFM兲 was used to study the morphology of the
film. The Ge films were grown on Si共100兲-共2 ⫻ 1兲 at different substrate temperatures and different laser excitation energies. The growth dynamics and morphology of the films
grown under the laser excitation are compared to those
grown at the same deposition conditions without excitation
laser.
III. RESULTS AND DISCUSSIONS
A. Results
1. Deposition at 390 ° C

The effect of laser excitation of the substrate for Ge
growth on Si共100兲-共2 ⫻ 1兲 was studied for a substrate temperature of 390 ° C. The Ge was deposited at a rate of
⬃0.03 ML/ s 共⬃0.003 ML/ pulse兲. The deposition rate was
obtained from the final Ge thickness using an ellipsometer.
The ablation laser energy density was ⬃5 J / cm2. Figure
1共a兲 shows a series of RHEED patterns taken for different Ge
coverage without applying any laser substrate excitation. Before deposition, a clean reconstructed Si共100兲-共2 ⫻ 1兲 is observed. The RHEED pattern consists of sharp spots aligned
on Laue circles. The diffraction pattern features remain unchanged during the initial stage of deposition, corresponding
to the epitaxial growth of the wetting layer 共⬃3 ML兲 and
then become elongated streaks, resulting from deposition of
Ge atoms making the surface rougher. The RHEED pattern
obtained at ⬃12 ML coverage shows elongated transmission
patterns. After ⬃15 ML coverage, the streak intensity is reduced. As the deposition further progresses, the surface topography changes and the elongated spots become shorter.
Rounded diffraction spots are observed and additional transmission spots appear in the RHEED pattern after ⬃20 ML
coverage. If the deposition is further extended, a rounded,
intense transmission pattern develops at ⬃22 ML coverage.
Rounded spots not falling on Laue circles result from transmission of electrons through faceted islands. The AFM image in Fig. 1共b兲, taken after deposition of ⬃22 ML, shows
well distributed islands with different sizes and shapes. The
majority of those islands in this sample are rectangular-based
huts and square-based pyramidal shape. The sharp RHEED
spots reveal the crystalline nature of these islands. The island
density is 5.0⫻ 109 cm−2 and the coverage ratio is 14.5%.
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FIG. 1. 共Color online兲 共a兲 RHEED pattern at different deposition times for a
substrate temperature of 390 ° C. 20 keV electron beam energy, angle of
incidence with the surface ⬃2.5⫾ 0.4° and ablation laser energy density of
5 J / cm2 is used in all experiments unless otherwise stated. 共b兲 AFM image
shows well distributed islands with different sizes and shapes. The majority
of those islands are rectangular-based huts and square-based pyramidal
shape island. 共c兲 Size distribution shows average length l = 77 nm and the
most expected length, ml = 75 nm. 共d兲 Individual islands.

FIG. 2. 共Color online兲 共a兲 RHEED pattern obtained at different deposition
times. Excitation laser energy density= 106⫾ 10 mJ/ cm2. 共b兲 AFM image.
共c兲 Island size distribution. With the excitation laser, the islands become
more rounded and they lose their facetation. Island density, coverage ratio,
and variation in size, area and height decrease, while average length, height,
and area increase when the excitation laser is used. Average length l and
most expected length ml are 167 nm and 187 nm, respectively. 共d兲 Individual
dome-shaped islands and square-based pyramids are seen in AFM images.

Figure 1共c兲 shows that the average island length l, measured
along the major axis, is 77 nm, and the most expected length
ml is 75 nm. The FWHM of the size distribution is ⬃80 nm.
The average diameter and average height are 51 nm and 15
nm, respectively 共height-to-base diameter ratio ⬃0.3兲. The
variation in the aspect ratio ␤, defined as height/lateral size,
in these islands is 20%. Examples of rectangular-based huts
and square-based pyramidal islands can be seen in Fig. 1共d兲.
The growth of Ge QDs on Si共100兲 was then studied
while applying an excitation laser to the substrate. Figure
2共a兲 shows RHEED patterns obtained during growth of Ge
on Si共100兲 while an excitation laser with an energy density
of 106⫾ 10 mJ/ cm2 is applied to the substrate. The
Si共100兲-共2 ⫻ 1兲 reconstruction is visible before deposition.
One may notice that the initial RHEED pattern of the 共2
⫻ 1兲 reconstructed substrate looks slightly different when
comparing Fig. 1共a兲 with Fig. 2共a兲 due to slight differences in
the electron angle of incidence, how much of the electron
beam is intercepted by the sample, and day-to-day variations
in the electron beam incidence azimuth and beam quality. All
depositions were done on 共2 ⫻ 1兲 reconstructed substrates
and the results were not sensitive to these variations in the
initial RHEED pattern of the substrate. An elongated
RHEED streak pattern is observed at Ge coverage of
⬃10 ML. As the Ge coverage increases, the intensity of the
streaks increases, as shown in the RHEED pattern taken at
⬃13 ML. Round spotty RHEED patterns start to appear after ⬃16 ML coverage. At ⬃19 ML, the elongated streaks
become faint and rounded in shape, indicative of the new
facet formation in the grown domes. The RHEED pattern
shows well defined transmission features with sharp spots
after ⬃22 ML. With the use of the excitation laser at a substrate temperature of 390 ° C, the Ge coverage that causes

the formation of a transmission pattern becomes larger than
without excitation. The corresponding AFM image in Fig.
2共b兲 shows that the film morphology consists of mainly multifaceted dome-shaped islands coexisting with a small fraction of square-based pyramids. Those islands have a narrow
size distribution, as shown in Fig. 2共c兲. With laser substrate
excitation, the island density reduces by a factor of 10 to
⬃4.7⫻ 108 cm−2, and the coverage ratio decreases to 8.0%.
Average height of the islands is 35 nm but some of them can
reach up to 56 nm. The mean diameter of those islands is
⬃139 nm, giving rise to a height-to-base ratio ⬃0.25. Average island length l is ⬃167 nm, while the most expected
length ml is 187 nm, as shown in Fig. 2共c兲. The FWHM of
the size distribution graph decreased to 45 nm compared to
that without laser excitation shown in Fig. 1共c兲. The variation
in the aspect ratio ␤ in these square-based domes is 12%. At
a substrate temperature of 390 ° C, the island morphology
changes when irradiating the silicon surface with the excitation laser. The rectangular-based huts and square-based pyramids transform into dome-shaped islands. Island density,
coverage ratio, and variation in size, area, and height decrease, while average length, height, and area increases. Examples of dome-shaped islands and square-based pyramids
are shown in Fig. 2共d兲.
2. Deposition at 250 ° C

The effect of the excitation laser on the Ge growth on
Si共100兲-共2 ⫻ 1兲 at a substrate temperature of ⬃250 ° C was
also studied. For samples grown below 390 ° C, the intensity
of the Si共100兲-共2 ⫻ 1兲 RHEED spots decay continuously
with deposition time until they disappear, resulting in a diffuse pattern. This indicates the formation of 3D structures
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FIG. 3. 共Color online兲 共a兲 For deposition at 250 ° C without an excitation
laser, the RHEED pattern decays continuously with coverage resulting in a
diffuse pattern. 共b兲 AFM image could be described as a collection of 3D
clusters with different shapes and sizes.

that collectively lack long-range order, as was confirmed by
RHEED and AFM measurements. The Ge growth was observed at 250 ° C with an ablation laser energy density of
5 J / cm2 without excitation laser. For RHEED patterns in
Fig. 3共a兲, some of the diffraction patterns remained while
others were lost after depositing at ⬃4 ML. Almost no pattern appeared after 9 ML, which indicated loss of long-range
order on the surface. The AFM image obtained after 22 ML,
shown in Fig. 3共b兲, could be described as a collection of 3D
clusters with different shapes and sizes. This type of AFM
image is generally observed for heteroepitaxy at low temperatures.
Three different laser energy densities were used to study
the excitation laser effect at 250 ° C. The ablation laser energy density was kept at 5 J / cm2, while the excitation laser
energy density was varied. For an excitation laser energy
density of 37⫾ 4 mJ/ cm2, the RHEED image in Fig. 4共a兲,
taken 22 ML Ge coverage, shows a spotty transmission pattern, indicating 3D growth. The AFM image in Fig. 4共b兲
shows high-density of Ge islands, most of which are
rectangular-based huts. The density of islands is ⬃6.7
⫻ 109 cm−2 with a coverage ratio of 24%. Average length l
and the most expected length ml are 80 nm and 75 nm, respectively, as shown in Fig. 4共c兲. The average height is
⬃21 nm and average base diameter is 87 nm, giving a
height-to-base diameter ratio of ⬃0.24. AFM images of two
of these islands are shown in Fig. 4共d兲.
Next, the excitation laser was increased to
77⫾ 7 mJ/ cm2, while maintaining the ablation laser energy
density at 5 J / cm2 and the substrate temperature at 250 ° C.
The RHEED pattern after 22 ML Ge coverage, shown in Fig.
5共a兲, does not change significantly from that in Fig. 4共a兲.
However, the island density and coverage ratio decreased,
while the mean area and length increased, as shown by comparing the AFM image of Fig. 5共b兲 with that in Fig. 4共b兲. In
Fig. 5共b兲, Ge islands with different shapes and sizes are visible. Those islands are mainly consisting of rectangularbased huts and some small fraction of square-based pyramids. The average island size increases at this laser energy
density when compared to conditions used in Fig. 4共b兲. This
may be due to coalescence of the small islands to larger ones.
Island density decreases to 3.0⫻ 109 cm−2 and the coverage
ratio also decreases to 14%. Figure 5共c兲 shows that the aver-
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FIG. 4. 共Color online兲 共a兲 RHEED pattern of 22 ML Ge deposited at 250 ° C
with an excitation laser of 37⫾ 4 mJ/ cm2 shows a transmission pattern. 共b兲
AFM image of the surface shows high-density Ge islands with a majority of
rectangular-based huts. 共c兲 Size histogram from the AFM image shows that
the average length l and the most expected length ml are 80 nm and 75 nm,
respectively. 共d兲 AFM images of individual islands.

age length also increases to 94 nm and the most expected
length at this condition becomes ⬃100 nm. The average
height is ⬃23 nm and average base diameter is ⬃91 nm
giving a height-to-base diameter ratio of ⬃0.25. Figure 5共d兲
shows AFM images of two of these islands.
The excitation laser density was finally increased to
106⫾ 10 mJ/ cm2 while the substrate temperature was kept
at 250 ° C. Figure 6共a兲 shows RHEED patterns obtained at
different Ge coverage. A clean, reconstructed Si共100兲共2 ⫻ 1兲 surface is obtained prior to Ge deposition. After
⬃10 ML, elongated streaks appear, while the first rounded
pattern forms at ⬃15 ML. The intensity of the RHEED diffraction streaks decreases with coverage and those elongated
streaks almost disappear at ⬃19 ML, while round transmission features become strong. Two more transmission features
appear after depositing ⬃21 ML, indicative of the formation
of new facets as the islands grow. AFM images and its size
distribution for this sample after 22 ML coverage are shown
in Figs. 6共b兲 and 6共c兲. Three distinctive island shapes are
observed. These are rectangular-based huts, square-based
pyramids, and some multifaceted domes, shown in Fig. 6共d兲.
Comparing the Ge island morphology at these conditions
to that obtained at the lower excitation laser energy density shows a decrease in island density and an increase
in the average area and length as the laser energy density
is increased. For an excitation energy density of

034303-5

(a)

J. Appl. Phys. 108, 034303 共2010兲

A. O. Er and H. E. Elsayed-Ali

(b)

22 ML

20

(c)

l = 94 nm
ml = 100 nm

Count

15
10
5
0
50

100
150
Length (nm)

200

(d)

FIG. 5. 共Color online兲 共a兲 RHEED pattern of 22 ML Ge deposited at 250 ° C
with an excitation laser of 77⫾ 7 mJ/ cm2. 共b兲 AFM image of the surface.
共c兲 Size histogram from the AFM image shows that the average length l and
the most expected length ml are 94 nm and 100 nm, respectively. 共d兲 AFM
images of individual islands.
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106⫾ 10 mJ/ cm2, the island density is ⬃1.4⫻ 109 cm−2,
coverage ratio 11%, with average island length 110 nm and
most expected length 112 nm, as shown in the island size
distribution in Fig 6共c兲. The average height is ⬃27 and average base diameter is ⬃113 nm, giving rise to height-tobase diameter ratio ⬃0.24. The variation in the aspect ratio
of the clusters is 23%. The larger island sizes observed here
compared to that in Ref. 20 is mainly due to the increases Ge
film thickness. Also, in the present study the laser repetition
rate was 10 Hz compared to the previously used 50 Hz.20
Higher pulse repletion rate in PLD reduces surface relaxation
between pulses causing agglomeration.
Increasing the excitation laser energy from 37⫾ 4 to
106⫾ 10 mJ/ cm2 for a substrate temperature of 250 ° C
causes island density and coverage ratio to decrease, while
the average area, length, and height of the islands increase
and size distribution become narrower when the highest excitation laser energy density is used at this temperature. With
the increase in the excitation energy density, the Ge islands
become more uniform in size and shape. Their height-to-base
diameter ratio remains unchanged as the excitation laser energy density is increased. The island densities obtained in the
present experiments are smaller than those obtained in other
growth techniques. Island densities varied from 109 to
1011 cm−2 in MBE and chemical vapor deposition.21,22 This
may be due to the low deposition rate used. Diffusion length
L can be expressed as L = 共Dt兲1/2, where D is the coefficient
of adatoms and t is the diffusion time. A higher deposition
rate could lead to shorter t, due to competing interactions
among the deposited atoms, giving rise to smaller diffusion
length. Thus, smaller growth rates produce a smaller density
of islands when compared to higher growth rates.
In all the present studies, 1064 nm laser pulses were
used with the p-polarized light used for target ablation while
s-polarized light used for excitation of the substrate. Both
ablation and excitation beams were incident 45° on the surface of the target and substrate, respectively. It is known that
s-polarized light couples less to Ge and Si than p-polarized
light.23 It was previously shown that surface vacancies were
not formed when the surface was irradiated by laser pulses of
80 fs duration at 2200 nm polarized perpendicular to the
Si共111兲-共2 ⫻ 1兲 chain direction. This particular Si surface
shows a strong surface transition around 0.45 eV.24 We are
not aware of any Si共100兲 or Ge surface specific transitions
that couple to 1064 nm laser pulses. Therefore, it is reasonable to expect that the laser polarization only affects energy
coupling to the surface.
3. Deposition at room temperature

FIG. 6. 共Color online兲 共a兲 RHEED patterns recorded at different Ge coverage deposited at 250 ° C with an ablation laser of 5 J / cm2 and an excitation
laser of 106⫾ 10 mJ/ cm2. 共b兲 AFM image of the final 22 ML Ge film
shows that film is consisting of rectangular-based huts, square-based pyramids along with some multifaceted domes. 共c兲 Size histogram of the AFM
image shows that the average length l and the most expected length ml are
110 nm and 112 nm, respectively. 共d兲 AFM images of some of the individual
islands show rectangular-based huts, square-based pyramids, and some multifaceted domes.

The effect of the excitation laser was also studied for Ge
growth on Si共100兲-共2 ⫻ 1兲 at room temperature. Figure 7共a兲
shows RHEED patterns taken during growth without laser
excitation, while in Fig. 7共b兲 an excitation laser energy density of 106⫾ 10 mJ/ cm2 was applied. Without laser excitation the RHEED pattern almost disappeared at Ge coverage
of ⬃9 ML, while with laser excitation some diffraction
spots are visible even after 22 ML coverage. In Fig. 7, an
ablation laser energy density of 5 J / cm2 was used without
and with laser excitation. All other experimental conditions,
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FIG. 8. 共Color online兲 Intensity of the specular spot after termination of Ge
deposition with the substrate maintained at 250 ° C for a Ge coverage of
⬃22 ML. In the bottom scan, both the ablation laser 共fluence 5 J / cm2兲 and
the excitation laser 共106⫾ 10 mJ/ cm2兲 were turned off at time t = 0. The
excitation laser was then turned on at t = 75 s. In the top scan, no excitation
laser was used. The ablation laser was turned off at t = 0 s.

FIG. 7. 共Color online兲 共a兲 RHEED patterns recorded at different Ge coverage deposited at room temperature with an ablation laser energy density of
5 J / cm2 and corresponding AFM image of the final 22 ML Ge film. The
line scan across the AFM image shows mean surface roughness is 8.6 nm
without excitation laser. 共b兲 RHEED patterns and AFM image for the same
conditions as in 共a兲 but with an excitation laser energy density of
106⫾ 10 mJ/ cm2 showing decrease in surface roughness when the excitation laser is used.

such as laser repetition rate, target rotation speed, and targetto-substrate distance, remained the same for Figs. 7共a兲 and
7共b兲. Hegazy and Elsayed-Ali20 previously observed that the
deposition time required for the RHEED pattern to disappear
when the excitation laser was used was nine times longer
than without excitation laser when the substrate was kept at
120 ° C. The decay in the RHEED elastic diffraction intensity 共Bragg peaks兲 and the increase in the inelastic background are associated with increased film roughness with
deposition. For the substrate kept at room temperature, applying the excitation laser to the substrate during growth
decreases the surface roughness, although epitaxial growth
was not achieved. AFM images and single-line scans of surface topography can be seen in Fig. 7共a兲 for the sample
grown without excitation laser and in Fig. 7共b兲 for the
sample irradiated with laser. Mean surface roughness of the
sample grown at room temperature without excitation laser
was found to be 8.6 nm, whereas, with laser excitation the
mean surface roughness was 2.1 nm.
The possibility of altering the surface properties by postdeposition laser irradiation was tested. Figure 8 shows the
intensity of the RHEED specular spot after termination of Ge
deposition with the substrate maintained at 250 ° C for Ge
coverage of ⬃22 ML. In the bottom scan, both the ablation
laser 共energy density 5 J / cm2兲 and the excitation laser
共106⫾ 10 mJ/ cm2兲 were turned off at time t = 0. In this case,
the film had grown epitaxially due to the presence of the
excitation laser. Upon growth termination, the RHEED inten-

sity showed the usual recovery in a time that depends on
surface diffusion. We then only turned on the excitation laser
at t = 75 s. The intensity of the specular beam did not
change, thus, showing no surface annealing by postdeposition application of the excitation laser. In the top scan, we
only used the same ablation laser fluence also at a substrate
temperature of 250 ° C to deposit ⬃22 ML Ge. No excitation laser was used in this case. The ablation laser was turned
off at t = 0 s. In this case, the Ge film grew as a rough,
disordered surface that only showed a RHEED background
with no visible diffraction orders. The intensity reported in
Fig. 8 was that of the background that developed in the same
location of the specular spot. We did not observe any
changes in this intensity, which shows that the postdeposition
surface excitation does not result in surface annealing.
B. Discussions

The results show that irradiation of the substrate by the
excitation laser has an effect on Ge growth similar to that
observed when the substrate temperature is raised. Basically,
there appears to be a mechanism driven by the excitation
laser that results in enhanced Ge adatom surface diffusion.
The thickness measurement was performed using an ellipsometer. For samples without laser excitation, the Ge thickness measured after 8000 pulses was 32.5⫾ 1.5 Å, while
with excitation the Ge thickness was 33.7⫾ 1.0 Å. Therefore, within the experimental error, there appears to be no
effect on Ge film thickness due to the excitation laser, and
any atom desorption by electronic excitation is too small to
affect the grown film.
When the sample is irradiated by the pulsed laser, the
initial effect is to generate electron-hole pairs. The bulk silicon is known to have an indirect band gap of 1.12 eV. Optical measurements show that the Si共100兲 surface has also an
indirect band gap of 0.44–0.64 eV.25,26 Although the
Si共100兲-共2 ⫻ 1兲 surface has surface specific optical transitions, their contribution is small for excitation with 1064 nm
wavelength.7 Due to the low surface absorption coefficient
共␣ = 11 cm−1兲 of the 1064 nm radiation in Si, photoexcitation
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takes place mainly in the bulk. Therefore, the primary effect
of the 1064 nm nanosecond laser light on the Si substrate is
bulk-valence excitation to generate holes and electrons with
small excess energies.27 The energy density of the ns laser
pulses used are well below the melt threshold of Si.28 We
next discuss thermal and nonthermal 共electronic兲 effects of
the excitation laser on Ge QD growth.
1. Thermal effects

The surface temperature rise due to laser heating is calculated using a one-dimensional, heat diffusion model. According to this model, the maximum temperature rise due to
absorption of the 1064 nm excitation laser in the skin depth
of Si 共⬃60 m兲 is ⬃23 ° C. The surface temperature drops
to the substrate temperature by heat diffusion in ⬃0.1 s.
For Ge, the skin depth for 1064 nm is 200 nm, and the
maximum temperature rise in this case is ⬃200 ° C if irradiated with 106⫾ 10 mJ/ cm2, which is the maximum laser
energy density used during the present work. Heat diffusion
to the Si substrate limits the temperature excursion time to
⬍0.1 s. The macroscopic diffusion of Ge atoms adsorbed
on the Si共100兲-共2 ⫻ 1兲 surface has been shown to follow the
Arrhenius behavior:29 D = D0 exp共−ET / kT兲, where Do = 4.3
⫻ 10−4 cm2 / s is a pre-exponential constant, ET = 1.17 eV is
the activation energy, and k and T are the Boltzmann’s constant and temperature, respectively. The Ge atoms move just
⬃1.6⫻ 10−11 cm in 100 ns at 250 ° C, which is clearly too
small to affect the nucleation and growth mechanism. Therefore, we can exclude laser heating as a possible mechanism
affecting Ge growth morphology due to the short temperature excursion time and small temperature rise.
2. Nonthermal effects

Energy transfer from laser generated hot electrons to surface adatoms has been reported to improve the crystalline
quality.10 The important role of hot electrons has been demonstrated in the study of molecular desorption from metal
surfaces under fs-laser excitation that can result in high effective electron temperature.30 However, the photon energy
of 1064 nm light is ⬃0.05 eV above the silicon band gap
energy, resulting in low free-carrier energy.31 Thus, for
single-photon absorption by bound carriers in Si, the role of
hot carriers in increasing surface vibrations is expected to be
negligible. Moreover, because of the low intensity of the
excitation laser and relatively low substrate temperature, free
carrier and two-photon absorption are negligible for conditions considered in the present work.31,32 The band gap of Ge
is 0.66 eV; thus, the excitation photon energy is ⬃0.5 eV
above the Ge band gap and, therefore, has enough energy to
cause surface modification by electronic excitation.
It is well known that an electron or a photon interacting
with the surface can induce an electronic excitation. Emission of ions or neutral particles due to this excitation can
occur. Such processes are called desorption induced by electronic transitions 共DIETs兲.33 Two established DIET mechanisms are the Knotek–Feibelman 共KF兲 model and the Menzel, Gomer, and Redhead 共MGR兲 model.
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Knotek and Feibelman34 studied the mechanism of electron stimulated desorption of positive ions from certain
d-band metal oxides. This mechanism requires initial corehole creation, followed by the production of two holes via
Auger decay and, finally, coulomb repulsion between this
positive ion and the cation leads to the emission of a positive
ion from the surface. The KF mechanism requires electrons
or photons with energies of tens of electron volt and, therefore, this mechanism can be ruled out in the present study
based on the relatively low photon energy used.19
A more general model of DIET is the MGR model that
explains the electron desorption due to energy excitation
from a bonding to an antibonding electronic state.35,36 In this
model, an excitation causes a Franck–Condon transition
where the electronic transition occurs without changes in the
positions and momentum of the nuclei. It is assumed that the
initial excitation occurs by absorption of a photon or electron
to a repulsive excited state. This excitation accelerates the
adsorbate away from the surface, converting potential energy
into kinetic energy of the adsorbate before quenching to the
ground state. Depending on how long the adsorbate was accelerated on the repulsive state, this may cause it to overcome the desorption barriers for neutral or atomic species.
Because the photon energy in the present study is only
⬃0.05 eV above the Si band gap, the electronic transition
probability for DIET, as described by the MGR model, will
be too small to cause any desorption or significant vibrational excitation at the Si surface.35 Even for Ge, the 0.5 eV
excess energy is relatively low compared to surface atom
binding energies.37 Also, the MGR model treats the interaction between light and matter as an isolated event. Since
excitons on silicon and also germanium surfaces are not self
trapped and the applied photon energy is relatively low, the
MGR model for desorption does not appear to be likely for
the conditions used in our experiment.38
In another model, Sumi proposed two-hole localization
共THL兲 and applied his model successfully to explain electronically induced bond rupture at Si and other
surfaces.6,39–41 The primary assumption in THL is that surface bond rupture leading to neutral-atomic desorption can
be induced by strong lattice relaxations associated with localization of two valence holes on the same surface bond.
This assumption is based on the Anderson negative U concept suggesting that THL can occur if the Coulomb repulsion
energy ECoulomb, due to on-site localization of carriers with
same charge, is smaller than the lattice relaxation energy ELR
which comes from the lattice distortion and polarization on
the localizing particle.42
THL on surface sites of nonequilibrated valence holes
was concluded to be the mechanism responsible for bond
breaking when a Si共111兲-共2 ⫻ 1兲 surface was excited by
1064 nm, 3.5 ns laser pulses.39 Surface bond rupture rate was
studied for Si共111兲,3,7,24,39 Si共100兲,41,43,44 and other
materials.3 The rate of bond rupture varies between 3
⫻ 10−5 and 8 ⫻ 10−10 ML/ pulse depending on the laser
wavelength and fluence. The minimum desorption rate in
those studies is ⬃10−5 ML/ pulse, although the wavelength
1064 nm was found to be inefficient to induce desorption
from the Si共100兲-共2 ⫻ 1兲 surface.41
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THL at a surface site affects the surface atom bonding
weakening the bond and inducing a strong atom vibration.
The localization of the second hole causes strong vibrations
of the surface atom, which could lead to bond breaking.
These atoms could be ejected due to this transient strong
lattice vibration 共phonon-kick兲 with a distribution of translational energies that starts from a given onset.5 Vibrational
relaxation after electronic excitation would lead to many
phonons being emitted. The lattice forms a continuum of
motions that can absorb the energy of the vibrational relaxation. As the energy of the surface atoms increases, the
bonded atoms vibrate more strongly. If the phonon-kick perpendicular to the surface imparted to a surface atom is not
sufficient to cause desorption, the enhanced vibrational motion could lead to increased surface diffusion.
The removal of adatoms when the surface is irradiated
by laser pulses below the melting threshold was found to be
site selective, depended strongly on wavelength, and was
highly superlinear with respect to excitation laser fluence.3,45
It was shown that center atoms on Si共111兲-共7 ⫻ 7兲 have
higher probability for desorption than corner atoms.45 Also,
surface atoms neighboring an adatom-vacancy pair are more
likely to be removed. Preferential bond rupture nearest to
pre-existing vacancies was also observed on the Si共111兲
surface.6,7 Selective removal of the topmost layer was also
shown for Si共100兲-共2 ⫻ 1兲.46 In this case, localized electronic
states at defects, such as vacancies, on the reconstructed surface are believed to be responsible for this selective layer
removal.
The process that causes the observed effect of laser irradiation of the substrate must be electronic in nature. A possible scenario involves electron-hole generation in the substrate followed by hole diffusion to the surface and THL.40
Yu and Tanimura43 investigated the laser-induced desorption
of Si adatoms on Si共100兲-共2 ⫻ 1兲 when the surface is excited
by 2.48 eV laser pulses. Their results show that electronic
excitation causes desorption of Si atoms from a certain adatom configuration. The desorption yield was superlinearly
dependent on the laser fluence and, therefore, was consistent
with the THL model. More importantly, desorption yields
with successive laser pulses indicated that the adatom configuration that was reactive to desorption transformed by laser excitation into a different form that is less susceptible to
desorption. That work led to the conclusion that surface electronic excitation can be a possible method to reduce surface
defects.47,48 Bulk valance excitation of Si共111兲-共2 ⫻ 1兲 using
1064 nm laser pulses was shown to result in a surface vacancy formation at preferential sites near existing surface
vacancies.7 The fluence dependence of the rate of surface
vacancy generation and the more effective vacancy site generation for n-doped surfaces were consistent with the THL
model. An important point is that the results indicate that free
holes are more effectively trapped at surface-defect sites.
This suggests that substrate excitation during deposition
causes hole localization preferentially at adatom sites.
For 1064 nm photons, Si has an absorption coefficient of
⬃11 cm−1 and, therefore, the optical excitation is almost
uniform near the surface, resulting in negligible carrier diffusion due to the negligible gradient in carrier density gen-
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erated near the surface. However, it was suggested that the
fast surface recombination can lead to a valence hole density
gradient near the surface resulting in hole transport from the
bulk to the surface.31 A laser fluence of 106 mJ/ cm2 results
in the generation of a carrier density of ⬃1019 cm−3. Because of the slow carrier decay, the density of holes at the
surface can reach ⬃1019 cm−3 at the end of the laser pulse.
However, Yu et al.49 found that electronic bond breaking on
Si共100兲-共2 ⫻ 1兲 is effectively inactive below a photon energy
of 1.9 eV, which is explained to be a result of the indirect
band gap of Si for which the desorption yield was shown to
be extremely low for photon energies up to ⬃1 eV above
the band gap. An exception to this observation was on
Si共111兲-共2 ⫻ 1兲 which has a surface with strong bond ionicity and differs significantly from the Si共100兲-共2 ⫻ 1兲
surface.7 Therefore, electronic excitation of the Si共100兲-共2
⫻ 1兲 substrate and THL at its surface is unlikely to be the
mechanism driving epitaxial growth of Ge.
Eaglesham et al.50 showed the existence of a limiting
thickness hepi, which depends on the growth rate and temperature, beyond which epitaxy becomes amorphous. The
possibility of epitaxial growth of Ge on Si by MBE was
shown to occur at a temperature between 50 and 150 ° C for
hepi of 30 Å and 200 Å, respectively, for a growth rate of
0.2 Å s−1.51 The rate of deposition affects hepi, which was
shown to be reduced to 50 Å at 150 ° C when the rate of
deposition was increased to 1.7 Å s−1. In the present experiment, each laser pulse with energy density of 5 J / cm2 deposits ⬃0.003 ML/ pulse 共⬃1.7⫻ 1012 atoms/ cm2 per
pulse, 1 ML Ge共100兲 ⬃6.23⫻ 1014 atoms/ cm2兲. It was
shown that the laser plasma plume expands very rapidly
共⬃106 cm/ s兲 perpendicular to the ablated surface.52 The
plume expansion results in a plume width of around several
microseconds at a 10 Hz repetition rate.53–56 This results in
an instantaneous deposition rate in the 100 s of Å s−1. Nikiforov et al.57 investigated the limiting thickness for Ge
growth on Si共100兲 by using RHEED. In their work, they
assumed that the maximum spot intensity corresponds to the
maximum epitaxial layer thickness. In Fig. 3, the maximum
RHEED spot intensity during Ge growth was reached at
⬃4 ML, and beyond that thickness, the intensity started to
decrease until it completely disappeared. Therefore, although
the process of THL on the Si共100兲-共2 ⫻ 1兲 surface is suppressed at the 1064 nm excitation wavelength, for our experiment at 250 ° C, epitaxial formation of the wetting layer
still occurs up to ⬃4 ML.
Once the Ge wetting layer is formed, THL can occur on
the Ge surface. At 250 ° C, the indirect Ge energy band gap
is 0.57 eV and Ge has a direct band gap at 0.7 eV. The
absorption coefficient of 1064 nm in Ge is 1.6⫻ 104 cm−1,
leading to significantly higher electron-hole generation in the
Ge wetting layer than the Si substrate. The hole density of
germanium due to absorption of the laser pulse is
⬃1023 cm−3. The surface hole density depends on many parameters that include surface recombination and diffusion
across the Si/Ge interface. We are not aware of any studies
done on electronic bond breaking of electronically excited
Ge surfaces. However, the THL mechanism, followed by the
phonon-kick, is applicable to semiconductors in general. En-
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ergetically, this mechanism could be effective on Ge surfaces. For surface bond breaking, the phonon-kick has to
transfer enough energy to the top atom along the bond direction to break that bond. If that energy transfer is not sufficient for bond breaking, then, the atom will have a vibrational excitation that can lead to surface hopping. Within the
experimental error, we have observed no change in the
monolayer coverage for Ge on Si with laser excitation.
Therefore, THL on the Ge surface can lead to selective
energy transfer to the Ge atoms that landed on the surface
from the PLD plume since these atoms constitute a defect
site. The energy that is preferentially given to these adsorbed
atoms can result in their hopping to settle epitaxially on the
surface.
Previous picosecond time-resolved RHEED studies of
excitation of the three low-index surfaces of Ge with 1064
nm, 100 ps laser pulses have conclusively shown that the
surface temperature behaves as expected from a simple heat
diffusion model.58–61 This rules out an electronic mechanism
that transfers energy to surface atoms causing heating above
that expected from simple laser absorption in the skin depth
followed by heat diffusion. However, we point out that
RHEED probes surface atoms over a very large area. The
mechanism we are proposing for enhanced surface hopping
of the adsorbed Ge atoms is preferential to the adsorbed atoms which is only a very small coverage. Therefore, such
preferential enhancement of surface hopping of the adsorbed
atoms would not be sufficient to allow it to be detected
through RHEED observation of the transient Debye–Waller
factor.
Charge transfer from the substrate to the adsorbate or
vice versa during thin film growth has been reported to affect
the film quality and that atoms may gain vibrational energy
because of a charge transfer process.62–64 Charge transfer interactions are believed to be important and can occur at the
interface of a Si substrate.65 Photoinduced charge transfer
between the Ge atoms and Si substrate or the Ge wetting
layer may affect the nucleation by increasing the vibrational
energy of surface atoms, causing an increase in the surface
diffusion. The low photon energy used in the present study,
with only ⬃0.05 eV excess energy above the Si band gap at
300 K and, makes this process ineffective for a Si surface. A
possible role of charge transfer between the Ge surface and
the Ge adatoms cannot be ruled out at the present time.
3. Enhanced effective surface diffusion

Direct laser heating can be ruled out as the mechanism
causing the modification of Ge QD growth on Si共100兲-共2
⫻ 1兲. However, the exact mechanism responsible is not clear.
Enhancement of the effective surface diffusion of adatoms
by the excitation laser could be involved. The rate of surface
diffusion of atoms D follows an Arrhenius form with temperature and is proportional to the vibrational energy in the
reaction coordinate. There are two possible scenarios as
stated in Itoh and Stoneham.2 If surface energy changes due
to the electronic excitation, one expects an Arrhenius behavior with a reduced barrier, which can be seen in the form of
exp关−共ET − X兲 / kT兴. However, if this vibrational energy is increased by a fraction of the recombination energy, then one

expects an extra term in the denominator as a result of temperature dependence in the form of exp关−ET / 共kT + X兲兴. In
both cases, the surface diffusion coefficient increases.
IV. CONCLUSION

We have studied Ge QD formation on Si共100兲-共2 ⫻ 1兲
with different substrate temperatures and excitation laser energy densities. The excitation laser reduces the epitaxial
growth temperature to 250 ° C for a 22 ML film. In addition,
applying the excitation laser to the substrate during the
growth changes the QD morphology and density and improves the uniformity of QDs fabricated at 390 ° C. At room
temperature, applying the excitation laser during growth decreases the surface roughness although epitaxial growth
could not be achieved. We have ruled out thermal effects and
some of the desorption models. Although further studies are
needed to elucidate the mechanism involved, a purely electronic mechanism of enhanced surface diffusion of Ge atoms
is proposed. Further investigation of this electronic modification of thin film growth would benefit from surface diffusion measurement during growth and the use of in situ
atomic probe microscopy to observe the development of the
wetting layer and the QDs and how this is affected by electronic excitation.
Although the effects of electronic excitation on shown
for Ge growth on Si共100兲, the basic principle involved is
expected to apply to other semiconductor heteroepitaxy.
Achieving low temperature epitaxial growth is an important
step for high level integration. Low temperature epitaxy also
limits the redistribution of impurities, reduces intermixing in
heteroepitaxy, and restricts the generation of defects by thermal stress. The ability to prepare self-assembled QDs with
reduced size distribution by electronic excitation is also important for many applications because both the optical and
electronic properties of a QD depend on its size. The use of
electronic excitation to provide some control on thin film and
QD growth could be an important tool in fabricating devices
based on self-assembly.
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